PABG . Furthermore, Lampen and Jones (1947) reported noncompetitive reversal of sulfonamide inhibition with PGA; but other investigators Sarett, 1951) experienced considerable difficulty in demonstrating such reversal, and they concluded that it was the PGA degradation products that were actually responsible for the sulfonamide antagonism.
In the present paper, evidence is presented to show that sulfonamide inhibition can be reversed by PGA, and that such reversal cannot be accounted for solely by breakdown of the PGA molecule to PABA, PABG, or pteroic acid. Further, the reversal takes place only after extended incubation. This delayed response could not be attributed to mutation, and results bearing on an adaptive phenomenon were inconclusive. EXPERIMENTAL 
METHODS
The cultures of L. plantarum strain 17-5 (ATCC 8014) employed in this study were from two sources: one was recently acquired from the American Type Culture Collection, Washington, D. C.; the other culture was obtained from Dr. P. A. Hansen, Department of Microbiology, University of Maryland, who has maintained it in his own collection. These cultures are arbitrarily designated "N" and "H" respectively in this report. Both cultures were maintained in stabs of micro assay culture agar (BBL) in the refrigerator, and new transfers were made every 2 to 3 weeks.
The defined medium employed was identical to that used by Nurmikko (1954) , with the omission of PABA and PGA. The composition of this medium is given in table 1. Single or double strength medium was prepared and sterilized by autoclaving at 112 C (8.0 lb pressure) for 5 min; the glucose was autoclaved separately and later added aseptically. Prepared batches of this basal medium were frozen at -10 C until needed. The standard inoculum suspensions were prepared in the following manner: 5 ml of basal medium supplemented with 0.002 ,ug PABA per ml was inoculated from the stock stab culture and incubated at 35 C for 24 hr. A serial transfer was made to another tube of the same medium and incubated for 18 hr. This culture was centrifuged and washed twice with sterile physiological saline; it was then resuspended in sterile distilled water to an optical density of 0.150 at 420 mIA, as measured in a h-inch cuvette with a Bausch and Lomb Spectronic 20 colorimeter. This suspension was further diluted 1:10 in sterile distilled water, and the final dilution contained approximately 1 X 107 viable cells per ml. This suspension was used as inoculum in the ratio of 0.1 ml per 5 ml of medium.
The lactobacilli were cultured in optically matched 6 by %8-inch screw-capped tubes, each containing 5 ml of medium. Growth was measured turbidimetrically with a colorimeter at 600 m,u. The PGA employed was a commercial synthetic product, further purified by the method of Sakami and Knowles (1959) . The resulting purified product was weighed in dim light into a sterile flask; sterile distilled water and enough sodium hydroxide to just dissolve the powder were added, and the solution was frozen at -10 C in the dark until needed. Strict avoidance of exposure even to moderate room light was practiced.
PABG was obtained from Mann Research Laboratories in a chromatographically pure grade. PABA, USP grade, was obtained from the California Corporation for Biochemical Research. The pteroic acid was supplied through the courtesy of Dr. Robert B. Angier, of the American Cyanamid Company. The sulfathiazole was obtained from the Baltimore Biological Laboratory, Inc., and also from Nutritional Biochemicals Corporation.
Stock solutions of sulfathiazole were sterilized by filtration through sintered glass filters. Solutions of PABA, PGA, and related compounds were prepared under aseptic conditions using sterile diluent and containers. These solutions were stored at -10 C in 5-ml portions until ready for use. A sterility control was performed on all these solutions.
The first series of experiments was designed to determine the capacity of PABA, PABG, pteroic acid, and PGA to reverse the inhibition by sulfathiazole. The sulfathiazole was employed over a concentration range of 0 to 200 ,ug and the potential metabolites were used at concentrations of 0.02, 0.05, and 0.2 jAg. These compounds were incorporated into the basal medium shown in table 1. Growth response was measured turbidimetrically.
A similar series of experiments was performed substituting colony counts at various time inter-vals for turbidimetry in assessing the reversal of sulfonamide inhibition. For this purpose, the basal medium was solidified with 1.5 per cent agar.
In nearly all instances, the experiments described were performed with both cultures; and the results with either culture were essentially the same for a given experiment.
RESULTS
It is to be noted that for any given concentration by weight, the molecular concentration of PABA will be 3.2 times that of PGA; that of PABG will be 1.65 times that of PGA; and that of pteroic acid will be 1.4 times that of PGA. Thus, in an experiment in which a certain concentration of PGA by weight is compared to the same concentrations of PABA, PABG, or pteroic acid, the latter will be in greater concentration on a molecular basis, and the inability of these compounds to produce the same effects as PGA level of 0.05 ,ug per ml is shown in figure 3. It will be noted from the results shown in figures 2 and 3 that growth occurs in all of the PGA-containing media irrespective of the sulfathiazole concentration, whereas the pattern of reversal of inhibition by PABA, PABG, and pteroic acid is related to the concentration of the inhibitor. The fact that growth, in the PGA series, is not dependent on the concentration of the inhibitor indicates that the metabolite responsible for the reversal (PGA) acts in a noncompetitive manner.
From these results, one can also detect certain erratic growth responses in the PGA media and, to a lesser degree, in the other media. On occasion, discrepancies occurred between duplicate tubes and between different levels of the inhibitor. However, this does not obscure the fact that uniform reversal of drug inhibition by PGA occurs upon prolonged incubation. Experiments such as those portrayed in figures 1 to 3 were performed on numerous separate occasions, and the erratic responses alluded to above were consistently noted. It may be that the lack of synchronism of the cell population in the inoculum could in part be responsible for this occurrence.
In the results presented in figures 1 to 3, it should be noted that relatively rapid growth of the lactobacilli occurs in the PGA media lacking sulfathiazole. This is attributed to the release of PABA or PABG into the medium, from degradation of the PGA molecule upon incubation (Koft and Sevag, 1949) . Only 0.4 per cent of the added PGA needs to be converted to PABA to allow almost maximal growth or, in other words, as little as 0.2 m,ug of PABA per ml will permit almost maximal growth in 50 hr. In the other tubes of the series, presumably there is sufficient sulfathiazole to overcome the effect of these degradation products. The early growth response to pteroic acid may be explained on the same basis.
The phenomenon of delayed but effective antagonism of sulfathiazole by PGA cannot be accounted for on the basis of breakdown of the PGA to PABG, PABA, or pteroic acid, since if all of the PGA had undergone such degradation, the resulting concentrations of these three products would not have been as great as those of the comparison systems (PABA, PABG, pteroic acid series) where these substances were incorporated into the medium. Since the comparison systems did not show the noncompetitive antagonism of sulfathiazole, some other hypothesis must be sought than that of PGA degradation. The delayed nature of sulfathiazole inhibition reversal by PGA suggested the possibilities of (a) mutation, resulting in a population able to utilize PGA, or (b) a process affecting all cells, which eventually permitted the original inoculum to metabolize the PGA present.
To test whether either of these two hypotheses might be concerned, agar-plate experiments were conducted to determine population changes by colony counts. A standard inoculum suspension of the culture was plated using the basal medium plus agar, which was supplemented with either sulfathiazole and the potential reversing compounds (PABA, PABG, pteroic acid, PGA) in various combinations as shown in tables 2 to 4. Growth, as determined from colony counts, was recorded at daily intervals for an extended period of incubation. Table 2 presents the results obtained in an experiment employing three modifications of the basal medium: (a) a medium containing 200 ,ug sulfathiazole per ml and 0.05 ,ug PGA per ml; (b) a medium containing 0.05 ,ug PABA per ml; and (c) a medium containing 0.05 ,ug PABA per ml and 200 ,ug sulfathiazole per ml. From these results, it can be seen that the cells plated in the PABA agar grew rapidly, whereas those in the PABA-sulfathiazole agar did not grow. The cells plated in the PGA-sulfathiazole agar exhibited poor early response, but their growth as measured by appearance of colonies increased upon prolonged incubation and eventually equaled that obtained in the PABA medium. Repetition of the above experimental situation using either culture H or N consistently demonstrated that the colony count from the PGAsulfathiazole medium, after prolonged incubation, was practically the same as the colony count obtained from the PABA medium after 48 hr.
This delayed response appears to be nearly a total one which would eliminate the possibility of mutation being responsible for the delayed growth phenomenon. To maintain that mutation had occurred would necessitate assuming a mutation rate of 1; i. e., every cell was a mutant, and this is not possible.
The response cannot be a result of the degrada- were employed in an identical manner in a dilution plating experiment using the standard suspension of cells as inoculum. The results of these experiments are presented in table 4. It appears that the prior incubation of the medium had essentially little or no effect, since the counts obtained with the frozen medium approximate those obtained with the medium held at 35 C before use. Therefore, it appears that the delayed response is attributable to some peculiarity of the cells in assimilating the PGA. In addition, it can be seen that PGA medium without sulfathiazole is capable of supporting the rapid growth of the lactobacillus. Presumably, this is due to the action of the degradation products of PGA, since there is no sulfathiazole present to overcome their effect. In all these plating experiments, an erratic pattern of counts appeared between dilutions of the same sample plated in PGA-ST medium.
For example, in the experiment as shown in table 3, after 9 days of incubation, the 10-2 PGAsulfathiazole plate had only 18 colonies, whereas the 10-5 plate had 87 colonies. The probability of cell lysis being responsible for this was ruled out by comparing results using various diluting fluids. Although this effect exists, it is not relevant to the final conclusions which are based on the colony counts from the 1: 100,000 dilution: namely, that the plate counts obtained with PGA-ST medium are always eventually equivalent to the plate counts obtained from the PABA or PGA media. In another experiment, 1:100,000 dilution plates were made from a standard inoculum; PABA agar and PGA-ST agar, similar to that employed in table 2, were used. After 48 hr, 3 colonies were picked from the PABA plate, suspended in sterile distilled water, centrifuged, and resuspended in sterile water to an optical density of 0.100 at 420 m,u. One-tenth ml of a 1 :10 dilution of this suspension was added to 5 ml of basal medium plus 200 ,ug sulfathiazole per ml and 0.05 jig PGA per ml. Growth was recorded turbidimetrically. After 6 to 7 days, 3 colonies from the PGA-ST plates were similarly picked and treated in an identical manner as described above. The results presented in table 5 indicate that the organisms isolated from the PGA-ST plate are able to utilize PGA more rapidly than organisms from the PABA plate. However, if a typical adaptive process were operative, it would be expected that the colonies isolated from the PGA-ST plate would exhibit an immediate bOptical density readings made at 600 m,u.
growth response upon subculture (within 24 hr). However, little or no growth occurred in this period, but a marked difference was evident at approximately 2 days of incubation. On longer incubation, both types of isolates exhibited similar maximal growth.
DISCUSSION
The demonstration of a delayed, noncompetitive reversal of sulfathiazole inhibition by PGA for L. plantarum strain 17-5 may explain many of the negative results obtained by previous workers. In the work of Sevag et al. (1950) the most critical argument presented against the concept that PGA is a noncompetitive antagonist to sulfanilamide was provided by systems containing 0.01 ,ug of PGA per ml with and without 1 ,ug of sulfanilamide per ml. Here, despite the fact that the growth in the sulfanilamide-free system was 85 per cent of the optimal growth, the PGA was found incapable of antagonizing the complete inhibition by sulfanilamide at the end of 44 hr. The present work showed that 0.01 Mg of PGA per ml was not enough to allow antagonism of sulfathiazole in 44 hr, since at least 72 hr were required (see figure 1) to effect antagonism in the presence of 0.02 ,ug PGA per ml. Sevag et al. (1950) also found that when 0.1 ,ug PGA per ml was employed, instead of 0.01 ,ug, at a time when the drug-free system had reached the end of the log phase, the drug-containing system began to show reversal of inhibition which was complete after a period of 12 hr. A disparity of at least 6 hr between the drug-free and drugcontaining systems persisted even in the presence of 5 Mig PGA per ml. This lag is in agreement with the concept of PGA degradation, where the products formed stimulate the growth in the drug-free tubes, but are ineffective in the presence of a sulfonamide. Yet if enough of these products are formed, eventual competitive reversal of the inhibitor may occur, unless excessive amounts of sulfonamide are present. The 1.0 Mg of sulfanilamide per ml employed by Sevag et al. may not have been of sufficient magnitude to overcome the effect of the degradation products, and the reversal experienced may not have been related to the type of reversal experienced in the present study. Here, the use of sulfathiazole in quantities up to 200 ,ug per ml is considered to completely eliminate the effect of degradation products, since such amounts were sufficient to overcome the effect of larger concentrations of any of the postulated degradation products than could arise from the PGA. Further, Sevag et al. (1950) have indicated the possibility of the increase in hydrogen ion concentration before measurable growth occurred as being responsible for inactivation of the sulfanilamide, resulting in delayed growth due to the degradation products of folic acid. The medium employed in the present study, besides being buffered by phosphates, amino acids, and other substances, is especially well buffered at pH 6.0 due to a large concentration of citric acid. Since the medium has an initial pH of 6.7, it is well buffered to begin with, and increasing hydrogen ion concentration actually brings the medium into a range of increased buffering capacity. Further, according to the theory of correlation of antibacterial activity of sulfonamides with their pK values, sulfanilamide would be most effective at a pH of 10.43, and relatively ineffective at a pH of 6.7. Sulfathiazole, on the other hand, with a pK of 7.12, would be expected to be quite powerful at pH 6.7. Thus the phenomenon of delayed reversal of sulfathiazole inhibition would acquire more significance than a similar reversal of sulfanilamide inhibition.
The remarks presented above may also be extended to the work of Sarret (1951) , but the work of Lampen and Jones (1947) offers an apparent contradiction to the concept of a delayed response of L. plantarum to PGA, in that an early reversal of sulfapyridine was found (within 24 hr). Considering the small concentration of PGA employed (0.01 ,Ag per ml), these results are quite different from the results obtained in the present study, and are also distinct from the results obtained by Sevag et al. (1950) and Sarret (1951) . It may be that sulfapyridine inhibition is overcome in a noncompetitive manner without a lag period, whereas other sulfonamides do not exhibit this effect.
The (Swim and Krampitz, 1954) . Furthermore, Shiota (1959) has demonstrated that a dialyzed extract of L. plantarum is capable of the synthesis of folic acid compounds from precursors. Although PGA was detected when PABG was added to a system containing the extracts, 2-amino-4-hydroxy-6-hydroxymethyl-tetrahydropteridine, adenosine triphosphate, and magnesium, it was believed that the immediate reaction product formed was not PGA, but tetrahydrofolic acid, since no rigid precautions were taken to prevent the oxidation of this compound. Perhaps the reduced forms of folic acid are the true intermediates in the synthesis of the active coenzyme, and a special enzyme system may be required to convert PGA to such a reduced form. Accordingly, the delayed response to PGA might be attributed to a ratelimiting system for conversion of PGA to the reduced active compounds. This concept is supported by Shiota's observation that the oxidized form of the pteridine (2-amino-4-hydroxy-6-hydroxymethyl pteridine) was inactive, whereas the reduced or tetrahydro derivative was active. Koft and Morrison (1956) have stated that attempts to develop mutants which require PGA have not been successful, and that this failure may be explained by considering PGA merely as a side reaction of a main metabolic pathway the utilization of PGA would, therefore, depenc on the presence of a special enzyme system not common to most microorganisms. Thus PGA may be found to have no activity in itself, but only by virtue of its being transformed (not degraded) into the reduced compounds, the true intermediates. One other possibility must be considered, namely, the idea that PABA has a second function in metabolism, this function being unrelated to folic acid synthesis. Results obtained by Hendlin, Koditschek, and Soars (1953) and by Mitbander and Sreenivasan (1954b) , where production of citrivorum factor (N5-formyltetrahydrofolic acid) from PABA was almost completely inhibited by sulfanilamide, but where such production was only partially inhibited when PGA was used instead of PABA, would indicate that PGA is an intermediate in the biosynthesis of active folic acid coenzymes, and that PABA does have unrelated functions in addition to synthesis of PGA. In these experiments, cell suspensions were used; and the response of Leuconostoc citrovorum served as indicator of the product formed. If a second function of PABA were involved, this would explain not only the biosynthesis of citrovorum factor from PABA and PGA by L. plantarum, but also the relatively low order of activity of PGA for the growth of this microorganism. However, the presence of any degree of inhibition of production of citrovorum factor from PGA is not explained by such a hypothesis, since sulfanilamide is not considered to be an antagonist of PGA. Furthermore, in the results reported in this paper, PGA is indeed able to permit the growth of the organism under conditions where PABA is not available. Thus it seems that whatever other function PABA might be postulated to have in metabolism of L. plantarum, it is not an essential function.
SUMMARY
Pteroylglutamic acid was shown to reverse noncompetitively the growth inhibition of Lactobacillus plantarum strain 17-5 by sulfathiazole, but only upon prolonged incubation. The reversal of inhibition was not due to degradation of the pteroylglutamic acid to p-aminobenzoic acid, p-aminobenzoylglutamic acid, or pteroic acid. The delayed reversal effect could not be attributed to the occurrence of a mutation.
